Variola virus (VARV), the causative agent of smallpox, is an exclusively human virus belonging to the genus Orthopoxvirus, which includes many other viral species covering a wide range of mammal hosts, such as vaccinia, cowpox, camelpox, taterapox, ectromelia, and monkeypox virus. The tempo and mode of evolution of Orthopoxviruses were reconstructed using a Bayesian phylodynamic framework by analysing 80 hemagglutinin sequences retrieved from public databases. Bayesian phylogeography was used to estimate their putative ancestral hosts. In order to estimate the substitution rate, the tree including all of the available Orthopoxviruses was calibrated using historical references dating the South American variola minor clade (alastrim) to between the XVI and XIX century. The mean substitution rate determined by the analysis was 6.5 × 10 -6 substitutions/site/year. Based on this evolutionary estimate, the time of the most recent common ancestor of the genus Orthopoxvirus was placed at about 10 000 years before the present. Cowpox virus was the species closest to the root of the phylogenetic tree. The root of VARV circulating in the XX century was estimated to be about 700 years ago, corresponding to about 1300 AD. The divergence between West African and South American VARV went back about 500 years ago (falling approximately in the XVI century). A rodent species is the most probable ancestral host from which the ancestors of all the known Orthopoxviruses were transmitted to the other mammal host species, and each of these species represented a dead-end for each new poxvirus species, without any further inter-specific spread.
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| INTRODUCTION
Before it was defeated by a worldwide eradication campaign, 1 smallpox was one of the most devastating infectious diseases ever confronted by humankind: it caused hundreds of millions of deaths, negatively affected the growth of populations in the Old World, led to the collapse of many civilizations in the New World after they came into contact with Europeans, and contributed to the crises of great empires. [2] [3] [4] [5] Variola virus (VARV), the causative agent of smallpox, is a member of the Poxviridae family of large double-stranded DNA viruses whose extremely variable genomic size ranges from 130 to 375 kbp in different viral species. 6, 7 Of the approximately 150 genes making up the poxvirus genome, those encoding the proteins responsible for virus replication, DNA repair, RNA transcription, host range, and the structural components of the virus are mainly conserved genes located in the central region, whereas the terminal genes tend to be more variable and encode proteins involved in immune modulation, such as homologues of tumor necrosis factor or interleukin-1 beta receptors. 8 Moreover, the order of the genes can be different in the genome of different poxvirus species, and the genes or entire gene families present in some viral species can lack orthologues in other members of the same genus. The first approaches to the study of poxvirus phylogeny were consequently based on the presence/absence of gene families, 9-11 gene order, 11 or sets of conserved genes, [9] [10] [11] [12] [13] all of which (together with a number of phylogenetic studies) led to a similar conclusion: the speciation of Chordopoxvirinae (the subfamily of Poxviridae that includes the Orthopoxvirus genus of which VARV is a member), was the product of a process as long as the history of amniotes, and a typical example of co-evolution with their vertebrate hosts. 14 However, although the majority of the species belonging to the Orthopoxvirus (OPV) genus are strictly host specific, species such as cowpox (CPXV), and monkeypox virus (MPXV) can naturally infect various mammals. 15 CPXV has the broadest range of hosts as it is capable of infecting humans, bovines, rodents, and carnivorous species. The inter-specific passage of members of the OPV genus from one mammal to another has also been supported phylogenetically. 23, 24 and that Gerbilliscus kempi and humans were first infected in the same area. This African origin may explain the presence of VARV in the Nile valley hypothetically causing the death of Ramses V in 1157 BC. 1, 3 Various discrete trait evolution analysis models have recently been developed and used to study viral phylodynamics, which makes it possible to reconstruct the phylogenetic history, geographical origin, dispersal, and migration of a virus, and has led to the discipline of phylogeography. 25 One of the most interesting applications is the ancestral reconstruction of hostshifts during the evolution of a multi-host virus, which has been the subject of a number of exemplary studies. 25, 26 The aim of this study was to reconstruct the tempo and mode of evolution of the now extinct VARV, its relationships with other extant OPVs, the most probable time of its origin and its ancestral reservoirs using a phylogenetic/phylodynamic approach. 
| MATERIALS AND METHODS

| Sequence data sets
| Phylogenetic reconstruction
The evolutionary model that best fitted the data was selected using an information criterion implemented in JmodelTest v. 2.1.7 27 (freely available at http://darwin.uvigo.es/ software/jmodeltest.html), which selected the HKY + G (Hasegawa-Kishino-Yano plus Gamma) nucleotide substitution model for both data sets.
A Bayesian phylogenetic tree was constructed using the main dataset with the best-fitting substitution model chosen by JModelTest, using MrBayes.
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A Markov chain Monte Carlo (MCMC) search was made for 6 × 10 6 generations using tree sampling every 100th generation and a burn-in fraction of 50%. Statistical support for specific clades was obtained by calculating the posterior probability of each monophyletic clade, and a posterior consensus tree was generated after a 50% burn-in.
The tree was displayed and edited using Figtree software v. 
| Discrete trait analysis: Phylogeography and host shifts
The discrete trait diffusion analysis for estimating host species transitions was made using the continuous-time Markov chain (CTMC) process over discrete sampling locations implemented in BEAST 1.80 32 for discrete trait analysis. The Bayesian stochastic search variable selection (BSSVS) model was implemented in order to allow diffusion rates to be zero with a positive prior probability.
Comparison of the posterior and prior probabilities that the individual rates would be zero provided a BF for testing the significance of the linkages between locations: rates with a BF of >3 were considered well supported and as forming the migration pathway. The chains were run for 300 million generations until reaching convergence, and sampled every 30 000 steps.
Since only a single rabbitpox virus sequence was available and the natural host of the virus is not definitely known, RPXV was excluded from the analysis.
In order to estimate the direction of the diffusion rates between hosts, an asymmetrical (non-reversible) substitution model for transition was also used. 33 The final maximum clade credibility (MCC) tree was visualised using
FigTree version 1.4.1. The significant migration rates were analyzed and visualised using SPREAD (available at: http://www.kuleuven.be/ aidslab/phylogeography/SPREAD.html) and SPREAD3 (available at:
https://rega.kuleuven.be/cev/ecv/software/SpreaD3_tutorial).
The hemagglutinin sequences were assigned to groups corresponding to the known host/reservoir of the viral species. In particular, five groups were built: rodent (including TATV, CPXV, ECTV, MPXV), human (including VARV), camel (including CMLPV), bovine (including, CTGV and BPXV), and equine (HSPV).
The MacClade v four program (Sinauer Associates, Sunderland, MA) was used on the global dataset and the subset of VARV sequences to test viral gene inflow/outflow among different hosts using a modified version of the Slatkin and Maddison test as described below. 34 The gene flow analysis was made by classifying the sequences into the same groups previously described (human, camel, equine, bovine, and rodent). A one-character data matrix was obtained Figure 1 ).
| Estimated evolutionary rate and dated tree reconstruction
The ). For this reason we adopted only the estimates obtained by historical calibration. Table 1 
| Discrete trait analysis for host transitions
Bayesian discrete trait analysis (Figure 2, panel A) , performed on 79
isolates with the exclusion of RPXV, showed that the most probable host at the root-tree and the backbone of the phylogenetic tree was rodent (state posterior probability, spp, 0.95). In particular, it was inferred that rodents were the ancestral hosts of clades A and B, and that of VARV (spp = 0.93). All the other hosts were apparently deadend hosts (at the external nodes of the tree).
The BSVSS analysis showed a total of five non-zero rates (95% HPD = 4-7), with highly supported linkages between rodent and camel to between the end of XVII and the beginning of the XVIII century. 17 Despite the differences in the approaches used, the viral genes considered, and the sequences included in these studies, the proposed dating of VARV, and estimated substitution rates (from about 2 × 10
to 6 × 10 −6 sub/site/years) were substantially similar.
On the contrary a recent study based on viral sequences amplified from a Lithuanian mummy dated to middle of the XVII century 18 estimated a more rapid rate of evolution of between 7.3 and external data more suitable than the internal calibration approach. 37 It is well known that alastrim, the less deadly American variant of VARV, was first described in the Caribbean region in the 1860s 1 and that it definitely could not have been present in the Americas before the arrival of Europeans. Accordingly, the South American MRCA was calibrated using a prior approximation of between 150 and 500 years ago, which led to an estimated mean of 6.5 × 10 −6 subs/site/year for the hemagglutinin sequences, thus making the date of the tree-root tMRCA of animal OPVs about 10 000 YA, and that of the ancestor of VARV about 1000 YA. The use of the internal calibration based on sampling dates, gave a mean substitution rate estimate similar but with a largest interval of confidence. The time estimates described in the present study are in line with previous data, 16 but do not provide any reason for the smallpox epidemics that occurred before the year 1000 AD, strongly supported by the historical literature and archeological findings. 38 It should be noticed that the incidence of smallpox decreased in Europe after vaccination was introduced, and that all of the smallpox cases seen in Europe and North America after the first World War were imported, mainly from Asia, 38, 39 including those involved the last two European outbreaks. 39, 40 The oldest sequences available in public databases come from isolates that were obtained not before the 1940s, when the European strains of VARV were already extinct, and not representative of the autochthonous European and North-American strains.
This supports the hypothesis that smallpox occurred in the Old
World in successive waves, with the epidemics caused by distinct but related strains. Historical data testify that smallpox tended to lose its virulence in affected populations, becoming a childhood disease that reappeared cyclically and led to major outbreaks whenever the number of susceptible children reached a critical threshold in the Mediterranean area and Middle East during the Middle Ages. 1, 41 This was probably also the process that led to the reduced virulence of alastrim. 1 On the contrary, the occurrence of major outbreaks in places where smallpox had been endemic for a long time (as evidenced by several examples in XVI and XVII centuries) suggests the possibility of the emergence of new and more virulent strains. 1, 42 Moreover, between the XVII and the end of the XVIII century, mortality due to smallpox significantly increased in many parts of Europe, 1,43 thus suggesting that something had changed in the circulating VARV.
It therefore seems that various strains appeared and disappeared during the long evolution of human VARV. One of the aims of this study was to reconstruct the ancestral host transitions of the different OPV species on the basis of a phylogenetic diffusion model applied to a Bayesian framework. Some of the OPV species in the Old World had a number of strictly host-specific species, whereas others such as CPXV and MPXV had a broad range of hosts. 63 Finally, a rabbitpox virus has been isolated from laboratory but not from wild rabbits, 15 and it is not definitely known if rabbits are the real natural hosts of the virus. 64 For this reason we excluded from our phylogeographic analysis of the host transitions the single rabbitpox virus isolate that was available on public databases at the moment when the study was performed.
All the VACV-like virus grouped in a single highly significant clade than an equine (stp = 0.23). Nevertheless, an host shift to horse occurred, in our estimates, 500-600 YA, with an upper limit of about 400 YA, thus suggesting that HPXV existed at the time in which Jenner developed the vaccine.
Assigning the analysed isolates to five groups (rodents, humans, camels, equines, and bovines), rodents resulted in this work the most probable hosts in all of the deeper (ancestral) nodes of the tree, including the root. All of the other host species were at terminal nodes, which suggests that these cross-species transmissions are mainly dead ends in the evolutionary history of the virus. In our reconstruction, the analysis of the linkages between hosts by means of asymmetrical models confirmed that the rates from rodents to all of the other hosts were significant.
These results, which were also confirmed by maximum parsimony 
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